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Chapter 1
Introduction
Although Dark Matter (DM) has not yet been directly detected, evidence of its
existence is clear [1, 2]. Since we can observe only DM through its gravitational
effects, we do not know which is its inner composition. Direct search experiments
set upper limits for the interaction between DM and normal matter, however, the
method in which they couple remains unknown.
The Standard Model (SM) is in good agreement with most of the experimen-
tal data, however, it can not explain DM. For that purpose, in recent decades,
researchers have proposed several SM extensions. These models include dark sec-
tors, which couple weakly to SM matter, ensuring predictions close to the SM ones
for normal matter. Experiments and observations set constraints on these models,
thereby restricting their parameter space. A lot of research has been carried out in
this field for both scalar [3–6] and vector [7, 8] dark sector models. In this work
we consider an SM extension with an SU(2)d symmetric dark sector. The new sec-
tor consists of a triplet of gauge bosons and a scalar, where each of these fields
is an SU(2)d complex doublet. The vector bosons obtain mass through symmetry
breaking, in the same manner than in the SM.
This model was initially studied by T.Hambye [7], and later by T.Hambye and
A.Strumia in the special case of classical conformality [9]. In this work we consider
a general scenario, which allows mass terms in the tree level lagrangian.
The goal of this thesis is to test the model by comparing its predictions to the
latest experimental results, similar to Hambye’s work [7]. The experimental Higgs
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decay rates from Atlas, Tevatron and CMS set constraints on the parameters of the
model, and the data from XENON100 and LUX set upper limits for the DM-nucleon
interaction. We require the model also to yield a DM relic density compatible with
the one measured in the Planck satellite experiment.
Chapter 2
Dark Matter
The nature of Dark matter is unknown and we have only gravitational evidence
of its existence. We are still unaware of its properties and composition, but from
the experimental observations we infer that it does not couple directly to photons
and that it interacts really weakly with normal matter. Fritz Zwicky proposed the
existence of dark matter in 1933 as a solution for the lack of mass in galaxy clusters
[10], where the observed mass failed to account for the large orbital velocity of the
galaxies. The scientific community did not take the existence of DM seriously until
1960-1970, when Vera Rubin’s work [11, 12] on galaxy rotation curves provided solid
evidence of the need for DM to explain galaxy dynamics.
The first indications of the existence of DM appeared in the rotation curves
of galaxies [13].The velocity of the objects rotating around galaxies suggested that
their density was roughly constant even far from the core. However, most of the
visible mass of galaxies was located in their centres. These observations indicated
that the outer regions of the galaxies contained matter that does not couple with
light (dark matter), and therefore cannot be seen. An accurate measure of the mass
of the galaxies can be obtained with gravitational lensing [14]. This method shows
excess mass without relying on the dynamics of the galaxy. The results obtained
with this technique are in good agreement with those inferred from the rotation
curves, yielding one of the most reliable proofs of DM.
The Bullet Cluster [2], where scientists witnessed the collision of two galaxy
clusters, also provided strong evidence for the existence of DM. During this event
researchers observed that the baryonic matter of both clusters slowed down due
3
4 CHAPTER 2. DARK MATTER
to the electromagnetic interaction, emitting X-rays in the process. On the other
hand, gravitational lensing showed that most of the mass of the clusters continued
to advance at the same pace after the collision, which demonstrated not only that
most of the cluster mass corresponds to DM, but also that DM interacts extremely
weakly with itself [15, 16].
More evidence for DM exists in the Cosmic Microwave Background (CMB),
which provides information on the evolution of the early universe. The CMB
anisotropies from the early universe propagated through the photon-baryon fluid
until decoupling. From the fit of these anisotropy angular power peaks with the
theory, we can infer the average DM density in our universe[17]. Taken together, all
this evidence has convinced the scientific community of the existence of DM, even
though that it still remains undetected via direct methods.
DM models can be classified as hot, warm or cold DM depending on whether the
DM particles were relativistic or not at the moment they decoupled from the thermal
bath1. Hot dark matter (HDM) is by definition relativistic at decoupling, which
means that it has a large free-streaming length2 at that time. Cold dark matter
(CDM) is non relativistic at decoupling, and has a much smaller free-streaming
length than HDM. Between CDM and HDM lies warm dark matter (WDM), which
has energies of the order of its mass at decoupling. For the structure formation to be
possible, the free-streaming length of DM cannot be too large. In the case of HDM,
the anisotropies become diluted rapidly, making the formation of large astronomical
structures such as galaxies or planets more difficult. Research in this field has ruled
out HDM as a candidate, and hints that CDM or WDM models could yield the
right structures [18].
Researchers have also proposed baryonic mass as a possible DM candidate, form-
ing dense bodies known as MACHOs (Massive astrophysical compact halo objects).
These MACHOs consist of low radiation-emitting baryonic matter such as black
1At early times, when the universe is very hot, all particles were in thermal equilibrium forming
a thermal bath. As temperature dropped, the interaction between particles weakened relative to
the universe expansion, until it was not strong enough to maintain the thermal equilibrium; this
moment is known as decoupling.
2Free-streaming length is the average distance a particle of a given energy travels in a cosmo-
logical time unit.
5holes [19], neutron stars, planets or white dwarfs. Theoretical predictions yield
for these objects much lower densities than the ones observed [20, 21], therefore,
baryonic matter can account only for a small percentage of the DM present in the
Universe. Apart from DM, alternative gravity theories such as MOND (Modified
Newtonian Dynamics), try to explain galaxy dynamics [22]. In recent decades, lots
of observational evidence [1, 2] have imposed strict constraints on MOND theories,
leaving DM as the favourite candidate.
In this work we consider a concrete CDM model, assuming an SU(2)d symmetric
dark sector. The DM candidates in the model will be the gauge bosons, whose
stability is assured by the custodial symmetry [23]. The goal of this thesis is to
determine whether the model can yield DM abundances of the of the same order as
the experimental ones.
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Chapter 3
Brief introduction to the Standard
model
The SM contains two different types of elementary particles: bosons and fermions.
Bosons mediate interactions and fermions constitute matter, each of these has dif-
ferent spin-statistics (i.e., while several bosons can occupy the same state, the Pauli
principle forbids such a situation for fermions). There are two fermionic groups:
leptons and quarks; each of them has six different flavours. The gauge bosons are
vector fields which arise from the SU(3)⊗ SU(2)L ⊗ U(1)Y1 gauge symmetry of the
lagrangian. The fermionic fields can be classified according to their helicity as right-
handed or left-handed. Each of them receive different treatment in the SM, the first
ones are SU(2) doublets while the latter are singlets.
For an arbitrary gauge symmetry, the infinitesimal transformation of the fields
are:
ψ → (1 + iαata)ψ, (3.1)
φ → (1 + iαata)φ, (3.2)
Aaµ → Aaµ +
1
g
∂µα
a + fabcAbµα
c, a, b, c = 1, 2...n, (3.3)
where fabc are the structure constants of the symmetry group and ta are its n
generators in a certain representation. For more details see [24]. In addition, ψ and
φ denote the fermionic and scalar fields, respectively; and Aa denotes the bosonic
fields associated with the gauge symmetry. In the SM there are three types of gauge
1The subindex L denotes that the group SU(2) acts only on the left handed states.
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bosons: Gaµ, W
a
µ and Bµ; which correspond to the SU(3), SU(2)L and U(1)Y gauge
symmetries respectively.
The lagrangian includes all the possible terms which are invariant under the
infinitesimal transformations of the symmetry groups SU(3), SU(2)L,U(1)Y, and
satisfy both Lorentz invariance and renormalizability. The only terms allowed are
the following:
L = 1
4
∑
F=G,W,B
F a µνF aµν + (D
µH)†(DµH)
+i
∑
i=L,Q
ψ¯Li D/Lψ
L
i ) + i
∑
i=qR,lR
ψ¯Ri D/Rψ
R
i + V + LY uk, (3.4)
where H is the Higgs doublet, L,Q the different left-handed leptonic and quark
doublets and qR, lR the corresponding right-handed singlets. In addition, F
a
µν is the
field strength, defined as
F aµν = ∂µA
a
ν − ∂νAaµ + gdfabcAbµAcν , (3.5)
for the different fields Gaµ, W
a
µ and Bµ. The left-handed and right-handed covariant
derivatives can be written as:
DLµ = ∂µ − ig1Y Bµ − ig2W aµ ta2 − ig3Gaµta3, (3.6)
DRµ = ∂µ − ig1Y Bµ − ig3Gaµta3, . (3.7)
where ta2 and t
a
3 are the generators of the gauge groups SU(2)L and SU(3) respectively,
and Y is the hypercharge of the particle on which Dµ acts. Furthermore, the last
term of the expressions (3.6,3.7) is not present when the covariant derivative acts of
leptonic fields, since they have zero color charge. For the Higgs boson, the covariant
derivative follows the definition:
Dµ = ∂µ − ig1Y Bµ − ig2W aµ ta2. (3.8)
The Higgs potential V can be written as:
V = −µ2H† ·H + λ(H† ·H)2, (3.9)
where, unlike the rest of the SM fields, H is a SU(2)L doublet with non zero vacuum
expectation value (vev) 〈H2〉 = ν2. The Yukawa potential includes all the allowed
combinations of the Higgs scalar H and the fermionic fields,
LY uk = −λliL¯iLH liR − λiju abQ¯iLa ·H†bujR − λijd Q¯iL ·HdjR + h.c., (3.10)
9where λijk are the Yukawa couplings, free parameters that are determined experi-
mentally. The different SU(2)L doublets are defined as:
QL =
(
u
d
)
L
, LiL =
(
νi
li
)
L
, H =
(
φ+r + iφ
+
i
1√
2
(ν + φ0r + iφ
0
i )
)
, (3.11)
where u and d represent the up and down left-handed quarks respectively and li
and νi denote the lepton and neutrino of the i:th leptonic family. The right-handed
neutrinos are not included in LY uk, due to the fact that there is no experimental
evidence of its existence.
In the SM, the gauge bosons do not have explicit mass terms in the lagrangian,
sincem2A2µ would break gauge invariance. Instead, the mass terms for both fermionic
and bosonic fields are generated via the interaction with the Higgs field. The non
zero vev of H causes symmetry breaking, and allows the SM particles to obtain
mass [25, 26]. After symmetry breaking, the Higgs boson becomes a real scalar field
and three degrees of freedom(dof) are removed. These are the Goldstone bosons,
which give an extra dof to each of the gauge bosons when they acquire mass2.
The vev is obtained minimizing the potential of expression (3.9), and takes the
value ν =
√
µ2
λ
. In this case, µ2 is not the physical Higgs mass, which is given
instead by m2h =
d2L
dφ2
|φ=0. The symmetry breaking gives mass to the bosons through
the covariant derivative of (3.4). Focusing in the weak sector(SU(2)L ⊗ U(1)Y )
symmetry breaking, we can see how the W+,W−, Z bosons acquire mass. From
(3.6), using as representation of the SU(2) group the Pauli matrices τa and for the
abelian group U(1) the identity matrix, the covariant derivative can be expressed
as:
Dµ = ∂µ + ig
1
2
W µa τa + ig
′1
2
YHB
µ =
(
∂µ + ig
2
W µ3 + i
g′
2
Bµ igW µ1 + gW
µ
2
W µ1 − gW µ2 ∂µ − ig2W µ3 + ig
′
2
Bµ
)
.
(3.12)
2Massless particles have only two polarizations, while massive ones have three.
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The fields associated to the physical particles are defined as:
W µ± =
1√
2
(W µ1 ∓ iW µ2 ), (3.13)
Zµ =
1√
g2 + g′2
(gW µ3 − g′Bµ), (3.14)
Aµ =
1√
g2 + g′2
(g′W µ3 + gB
µ). (3.15)
From the covariant derivative term in (3.4) arise the mass terms of the physical
particles,
(DµH)†(D µH)|mass = ν
2
8
(
2g2W+W− + (g2 + g′2)Z2µ + 0 · A2µ
)
. (3.16)
In the previous expression we see that W+ and W− are degenerate in mass and
the photon Aµ is massless:
mW =
ν2g
2
, (3.17)
mZ =
ν2
√
g2 + g′2
2
, (3.18)
mA = 0. (3.19)
In addition from the covariant derivative term of the lagrangian we obtain also
the couplings of the gauge bosons to the Higgs boson3.
The fermionic fields also obtain mass through the Higgs mechanism. After sym-
metry breaking, the interaction terms between H and the fermionic fields in expres-
sion (3.10) generate the fermion masses,
mli =
1√
2
λliν. (3.20)
It should be noted that, due to the fact that there are not right-handed neutri-
nos in the SM, neutrinos can not acquire mass through the Higgs mechanism. In
addition, since the quarks are triplets under SU(3) color symmetry, the mass matrix
must be diagonalized for obtaining the mass eigenstates. As a consequence of this
change of variables, the mass eigenstates of different generations will mix through
the weak interaction, leading to CP violation [27].
3The couplings of the SM Higgs boson to the gauge bosons W+,W−, Z are listed in the appendix
A.1
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The accurate predictions of the interactions observed in the colliders, make the
SM the most successful current model in elementary particle physics. The detection
of a new Higgs-like boson in the LHC [28] in 2012, was a new victory for the
model, which already predicted the existence of such a particle. In addition, the
latest experimental Higgs decay rates [29–33] and production cross sections [34]
are really close to the SM predictions [35, 36]. In spite of the good agreement,
there are several questions which the SM fails to explain, as the neutrino mass [37–
39], matter-antimatter asymmetry [40], the left-handed right-handed asymmetry or
DM. The remarkably good predictions which the SM yields, set tight constraints
on alternative models, which try to explain the previous questions; motivating the
extension or the modification of the SM as the starting point for new theories.
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Chapter 4
SU(2) dark sector model
4.1 Introduction
The model we are considering in this thesis is an extension of the SM, with an
extra SU(2) gauge symmetric dark sector. In the SM this symmetry is already
present, but in this model SU(2) invariance is defined in both sectors separately.
Therefore, gauge invariance does not allow coupling terms like A† ·B, where A and
B are SU(2) doublets from the SM and dark sectors respectively. The only possible
coupling between doublets of different sectors is (A† ·A)(B† ·B). A scalar portal of
that type is introduced in the lagrangian, allowing the scalar SU(2) doublets from
both sectors to couple. The mixing between SM matter and DM matter will always
be small if the scalar portal coupling is small.
The particles and their interactions in the dark sector are very similar to the
ones in SM, however, there is no U(1) symmetry in the dark sector. Therefore,
we have only three gauge bosons: C1, C2, C3, which are the DM candidates in the
model. The custodial symmetry [23] assures their stability, a basic requirement for
DM1. To give mass to the Ci particles we introduce a Higgs-like dark scalar boson
Φ which couples to dark sector particles only. The new boson has non-zero vacuum
expectation value vd, which in analogy with the Higgs-mechanism (3.16), allows the
gauge bosons to acquire mass through the covariant derivative.
1There are some models which which do not require stability of the DM, instead DM is composed
of decaying particles with very long lifetimes [41, 42].
13
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The scalar portal ξ|Φ|2|H|2 in the lagrangian is an interaction term between
the SM Higgs boson and the dark sector scalar boson, with coupling ξ. This is
the only term of the lagrangian which connects the SM sector and the dark sector,
hence the interaction between particles of different sectors is always mediated by
the scalars. The presence of this portal in the lagrangian allows the transition of
matter from different sectors, therefore, the ratio of SM matter and DM can change
through time.
We are considering the freeze-out scenario, were is assumed that DM was ini-
tially at early times in thermal equilibrium with the SM particles. As the universe
expanded, the DM- SM matter interaction weakened and the DM left the thermal
bath. After the freeze-out, DM and SM particles started to evolve independently.
Using this formalism, we can calculate the evolution of DM, and compare the DM
abundance given by the model with the one measured experimentally.
4.2 Model formulation
The lagrangian is composed of the familiar SM terms of (3.4), the dark sector kinetic
part and the dark boson lagrangian,
L = LSM + LY uk + 1
4
Ba µνBaµν + (DµdΦ)†(Dd µΦ) + V (H,Φ),
where H and Φ indicate the SM Higgs and the dark scalar doublet respectively.
The filed strength Bµνd of the SU(2) dark sector is defined in the same manner as in
the SM (3.5):
Baµν = ∂µC
a
ν − ∂νCaµ + gdfabcCbµCcν . (4.1)
Using the irreducible SU(2) representation of Pauli matrices the covariant deriva-
tive takes the form
Dµd =
(
∂µ + i
2
ghC
µ
3
1
2
gh(C
µ
2 + iC
µ
1 )
−1
2
gh(C
µ
2 − iCµ1 ) ∂µ − i2ghCµ3
)
. (4.2)
The fields C1, C2, C3 are the gauge bosons related to the SU(2) symmetry in the
dark sector.
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Including the Higgs terms, the total scalar potential is written as:
V (H,Φ) = mHH
†H + λh(H†H)2 +mΦΦ†Φ + λd(Φ†Φ)2 + ξ(H†H)(Φ†Φ),
where we denote with a subindex h the SM constants, and with subindex d those
corresponding to the dark sector. Both the SM Higgs and the dark scalar boson
have non-zero vevs, implying symmetry breaking of SU(2)L ⊗ U(1)Y and SU(2)d.
The potential must have a stable minimum, which means that it has to be bounded
from below. For that purpose we impose constraints on the couplings, such that
at large values of the fields the potential stays positive. Considering that for large
values of H and Φ the only relevant terms are those of fourth order, both λh and
λd must be positive. In addition, the lower bound condition sets also a constraint
on the ξ coupling:
V (H,Φ) = λh(H
† ·H)2 + λd(Φ† · Φ)2 + ξ(H† ·H)(Φ† · Φ)
=
(√
λh(H
† ·H)−
√
λd(Φ
† · Φ)
)2
+ (2
√
λdλh + ξ)(H
† ·H)(Φ† · Φ)).
Since the first term is squared, always positive, the expression will be positive
only if
ξ ≥ −2
√
λdλh. (4.3)
The scalar doublets can be written in the following way:
H =
(
φ+r + iφ
+
r
1√
2
(vh + φ
0
r + iφ
0
i )
)
, Φ =
(
χ+r + iχ
+
r
1√
2
(vd + χ
0
r + iχ
0
i )
)
. (4.4)
In the H doublet, the superindex ± denotes the electromagnetic charge of the field,
while in the Φ doublet it is only included for analogy with the SM case, since the
electromagnetic interaction is not defined in the dark sector2.
Minimizing the potential V respect to the fields of the doublets H and Φ we
obtain two constraints which allow to express mH and mΦ as a function of λh, λd,
vh and vd:
mH = −v
2
dξ
2
− v2hλh, (4.5)
mΦ = −v
2
hξ
2
− v2dλd. (4.6)
2In the SM the electromagnetic interaction arises from the SU(2)xU(1) symmetry mixing. The
photon field Aµ is a linear combination of W3 and Bµ.
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Both parameters mH and md do not correspond to the mass of the physical parti-
cles, hence they are traded for νh and νd via the equations (4.5),(4.6). The physical
particles, those which could be measured experimentally, are obtained by diagonal-
izing the mass matrix. The most natural choice, would be to identify the lightest
of the scalars with the physical Higgs and the heaviest with the dark scalar boson.
This assumption is based on the fact that up to the date only the Higgs has been
discovered, so if there was another Higgs-like particle which interacts with SM par-
ticles, its mass would be considerably bigger. That argument, breaks down when
the mixing angle is small, such that the interaction between r and the SM particles
becomes really weak. In this scenario, the dark scalar would remain undetectable
regardless its mass, and dark scalars lighter than the Higgs would be allowed. The
mass eigenvalues are
m2h = v
2
hλh + v
2
dλd ∓
√
|v2dξ2v2h + v4hλ2h − 2v2dv2hλhλd + v4dλ2d|,
m2r = v
2
hλh + v
2
dλd ±
√
|v2dξ2v2h + v4hλ2h − 2v2dv2hλhλd + v4dλ2d|, (4.7)
where h is the lightest scalar meanwhile ν2hλh < ν
2
dλd. We denote the new physical
states as, h the physical Higgs and r the scalar dark boson. These new states are
the eigenstates of the mass matrix , they can be obtained via a rotation of angle3 θ
of the original fields H and Φ,
h0 = φr cos(θ)− χr sin(θ),
r0 = φr sin(θ) + χr cos(θ). (4.8)
The SM original Higgs Φ is a combination of two states: the physical Higgs h
and the dark scalar r. This implies that all the SM particles which couple to the
Higgs, will also couple to our dark scalar r. In the following calculations we will use
only the physical fields.
4.3 Free parameters of the theory
The goal in this section is to determine the degrees of freedom (dof) of the parameter
space, removing unnecessary dofs with the constraints previously obtained. Once
3The value of the angle θ can be found in the appendix A.1
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we have an independent set of parameters, we can generate them randomly with
the aid of a Monte Carlo generator. The rest of the parameters of the model will
be obtained from this initial set applying the constraints which relate them. Some
conditions, such as the lower bound of the potential (4.3), or the fact that the
lagrangian must be real, restrict the values the parameters can take. Furthermore,
fixing the mass of the Higgs boson and the vacuum expectation value, we remove
two extra dofs.
Initially the model has the unknown constants mH , md, λd, λh, gd and ξ. To
ensure the reality of the lagrangian we take them all to be real numbers. We trade
some parameters for the physical masses and the vevs. The constants mH and mΦ
from the lagrangian are traded for the vevs vh and vd using the equations (4.5,4.6).
This new set of parameters is appropriate for our calculations, since the vevs appear
explicitly in the gauge dark boson’s mass
mC =
gdνd
2
, (4.9)
where the three C bosons are degenerate mass states. Since C particles are the main
DM candidates of the theory, we will set mC as a free parameter instead of νd via
equation (4.9). In this way we can easily see when we calculate the cross sections
which annihilation channels will be allowed depending on mC .
From our new set of variables νh,mC , λd, λh, gd, ξ , we remove an extra degree
of freedom equating νh to the SM Higgs’s vev, which is determined by the Fermi
coupling GF [43, 44]:
νh = (
√
2GF )
− 1
2 ' 246GeV. (4.10)
Eventually we can get rid of one more dof by identifying the physical Higgs with the
scalar boson h in the theory. For our calculation we used the latest data released
by the Atlas Collaboration[28], which determines
mh = 126GeV. (4.11)
After substituting mh by the physical Higgs mass, using the equation (4.7) we obtain
ξ as a function of λh and λd
ξ = ±
√
m2h − 2ν2hλh
√
m2h − 2ν2dλd
νhνd
= ±
√
m2r − 2ν2hλh
√
m2r − 2ν2dλd
νhνd
. (4.12)
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The expression 4.12 is symmetric respect to both scalars h and r, as expected.
After applying the constraints (4.7, 4.5, 4.6, 4.9, 4.10, 4.11, 4.12), we are left with
only four linearly independent parameters:λh,λd, mC and gd, from which we can
determine the rest of the dark sector constants. Since the initial set of parameters
was real, from the equations (4.7, 4.5,4.6,4.9) follows that the final set λh,λd, mC ,
gd will also be real. The model must be perturbative, so in the calculations can be
used Feynman diagrams’ formalism. For that sake, our couplings λh,λd and gd must
be relatively small, and strictly smaller4 than 4pi. In addition, the potential lower
bound imposes the positiveness of λh and λd, and sets the constraint (4.3) on ξ.
The experimental constraints have a complex dependence on the four indepen-
dent variables of the model, making fairly difficult the analysis of the parameter
space. For that purpose, instead of following an analytical approach for determin-
ing the valid regions of the space, we will generate random sets of parameters and
apply the experimental bounds on them. This procedure allows us to reconstruct
the parameter space, and to know how well the DM model performs under the light
of the latest experiments.
Considering the constraints previously mentioned, we generate uniformly dis-
tributed values for the four independent parameters using the Monte Carlo method.
Depending on the mass of the dark scalar mr, we choose two different ranges for
the free parameters:
mh < mr : λh ∈
[
m2h
2ν2h
, pi
]
, λd ∈
[
m2h
2ν2h
, pi
]
, gd ∈ [0, 1], mC ∈ [0, 5mh]; (4.13)
mh > mr : λh ∈
[
0,
m2h
2ν2h
]
, λd ∈
[
0,
m2h
2ν2h
]
, gd ∈ [0, 1], mC ∈ [0, 5mh]. (4.14)
We generate 2460 random sets of parameters for heavy dark scalars (mh < mr)
according to expression (4.13). Furthermore, to explore the region of the parameter
space where mr is lighter than mh, we generate 1088 points using (4.14). For
every set of randomly generated parameters λh,λd, mC , gd we obtain the remaining
4The Feynman diagrams are an expansion in λ4pi . The series expansion can only be done if the
expansion coefficient λ4pi is smaller than one.
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constants using the following expressions:
mh = 125 GeV,
νh = 246 GeV,
νd =
2mC
gd
,
ξ2 =
(m2h − 2ν2hλh)(m2h − 2ν2dλd)
ν2hν
2
d
, (4.15)
mr =
√
ν2hλh + ν
2
dλd ±
√
|ν2dξ2ν2h + ν4hλ2h + 2ν2dν2hλhλd + ν4dλ2d|
sin θ =
−νdξνh√
ν2dξ
2ν2h +
(
ν2hλh − ν2dλd ∓
√|ν2dξ2ν2h + ν4hλ2h − 2ν2dν2hλhλd + ν4dλ2d|)2
.,
where the symbol ∓ takes negative value when h is the heaviest scalar, and pos-
itive value when is the lightest. From the set of parameters obtained in this
way, we exclude those sets which do not fulfil the previously mentioned condition
ξ ≥ −2√λdλh.
With the aid of these sets of parameters, we can study the key features of the
model, as the typical values for DM- nucleon cross section, physical Higgs decay
or the DM relic density. Several experiments set constraints on the values that
the above mentioned quantities can take. These experimental bounds will rule out
certain areas of the parameter space.
There is a region of the parameter space in which we are specially interested, the
one which minimizes the mixing angle θ. The fact that DM has not been detected
yet, sets an upper bound on the DM-SM matter interaction, in addition, the good
agreement of the SM predictions with the LHC measurements forces the scalar
coupling ξ to be small. Both conditions can be easily satisfied when we limit the
model to a small mixing angle θ, such that the physical Higgs h approaches the SM
Higgs. In this regime, the interaction between DM and SM particles is weak enough
to be under the resolution of the experiments, in accordance with the experimental
results [45, 46]. The mixing angle θ can be obtained from (4.15), substituting the
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Figure 4.1: Dependence of θ on λh, λd for fixed νd = 1380GeV.
fourth expression in the sixth one. For small angles we can use θ ' sin(θ), such that
θ ' −
(
1 +
(
ν2hλh − ν2dλd − (ν2dλd + ν2hλh −m2h)
)2
(m2h − 2ν2hλh)(m2h − 2ν2dλd)
)− 1
2
(4.16)
= −
(
1 +
(m2h − 2ν2dλd)
(m2h − 2ν2hλh)
)−1
2
.
We can clearly see in fig.4.1, that the mixing angle approaches the zero value
when λh =
m2h
2ν2h
= 0.131, the points at which the portal coupling ξ tends to zero.
This value corresponds exactly to the SM λ Higgs coupling, and is independent of
νd. This result is not surprising, if both sector are disconnected (ξ = 0) the SM
sector becomes identical to the SM. In that case, the dark scalar self-coupling takes
the value λd =
m2r
2ν2d
. At small λh and λd, when λd =
2m2h−2ν2hλh
2ν2d
the expression (4.17)
becomes imaginary, causing the rapid fluctuations that we observe in fig.4.1, near
λd =
m2h
2ν2d
' 0.005.
Tuning the parameters λh, λd and νd, small θ values can be obtained. This feature
allows to avoid the experimental constraints from direct detection and Higgs decay
by lowering the mixing angle. However, at small θs the DM annihilation cross
section is suppressed, and the model yields bigger DM abundances Ωh2. Therefore,
too small mixing angles will also be in friction with the experimental constraint
given by the Planck satellite.
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In the following chapters, we will compute the decays and cross sections predicted
by our model, and compare them with the experimental results. We will use the
randomly generated sets of parameters from (4.13),(4.14) and (4.15) for studying
the effect of the experimental constraints in the parameter space.
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Chapter 5
Relic density calculation
As discussed in the introduction, despite the fact that DM has not been detected di-
rectly, there is solid evidence of its existence from astrophysical measurements and
cosmological predictions [1, 47]. Its abundance has been estimated using several
different methods as gravitational lensing, galaxy dynamics or fitting the universe
formation models to the Cosmic Microwave Background (CMB) data. The agree-
ment between different estimation methods is fairly good, and predicts a DM density
approximately five times bigger than the SM matter density [48].
The model considered in this thesis must be able to produce a relic density close
to the experimental value Ωh ' 0.119 from Planck[49] and at the same time be
compatible with all the DM direct search tests carried out until now to be successful.
In addition, the introduction of the dark sector should not change dramatically the
interaction between Higgs and SM particles, since the SM predictions are in good
agreement with the LHC data. For obtaining the actual DM relic abundance we
will consider the freeze-out scenario, which assumes that at early times DM and SM
were in thermal equilibrium until the DM decoupling. Provided the cross section
of the interactions, we can track the evolution of the DM density from the thermal
equilibrium until now.
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5.1 Boltzman equation
To know how did the DM abundance evolve from the early universe up to the
present, we assume that initially the DM candidates were in thermal equilibrium
with the rest of the SM particles in a thermal bath. At early times, the universe was
really hot, and the interaction between DM particles and the rest of the particles
of the thermal bath was really strong. As the universe cooled down due to the
expansion, the density of particles decreased and the probability of the particles
finding each other got dramatically reduced. When the interactions became scarce
and the expansion started to dominate, the DM particles decoupled from the thermal
bath, such that DM was not any longer in thermal equilibrium1 with normal matter.
When the DM particles left the thermal bath, their energy density froze and the
expansion diluted it by a factor of a−3 as time passed2.
In this thesis we estimate the amount of DM produced in the model, and test if it
matches the observed value. For this purpose we have to first calculate the freeze-out
temperature, the moment3 when our DM candidate exits the thermal bath. We will
assume our DM to be CDM, which means that these particles were non relativistic
at decoupling. This assumption is supported by the latest DM structure formation
simulations [18], which state that the filament nature of the DM can only appear in
a theory with small free streaming length4.
We study the evolution using the Boltzman equation, which describes the evo-
lution of a system of interacting particles in an expanding universe:
ni
dt
+ 3Hni = Ci, (5.1)
where Ci is the collision term, which can be found in the appendix A.5. Assuming
that the particles are not relativistic at freeze-out and that the system stays in
1Though the particles were not in thermal equilibrium, they might have remained in kinetic
equilibrium for a longer period of time
2This is true only in the case of non relativistic particles, for relativistic particles the energy
density changes instead by a factor of a−4.
3In the Fredman-Walker cosmological model time can be mapped to temperature in a one-to-one
correspondence.
4Particles with bigger free streaming can travel further, contributing to wash away the density
perturbations and making more difficult the structure formation.
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kinetic equilibrium long after the decoupling, we can write (5.1) in a general form
for an arbitrary number of interacting stable5 particles ni ,
ni
dt
+ 3Hni = −
N∑
j,k,l=1
〈vσij→kl〉
(
ninj − nk
neqk
nl
neql
neqi n
eq
j
)
, (5.2)
where 〈vσ〉 is the thermal averaged cross section, which is defined in the appendix
A.3. We want to study the evolution of the DM candidates C1, C2, C3, which decou-
ple from the thermal bath at early times. The mass degeneracy of the C particles
ensures that they have the same equilibrium density6 neq = neq1 = n
eq
2 = n
eq
3 . Due to
the C1, C2, C3 permutation symmetry, the three particles have identical annihilation
and semi-annihilation cross section. In figures 5.1 and 5.2 we can see all the possible
diagrams involved, the calculation of the decay amplitudes and the cross section can
be found in the appendices A.2 and A.3 respectively.
In addition, since h and r interact directly with SM matter, we expect them to
decouple later than our DM candidates, so in the region near the DM freeze-out we
can write nh ' neqh , nr ' neqr . We are left with the following equations:
dn1
dt
+ 3Hn1 = −〈vσannih〉 (n21 − n2eq)− 〈vσsemi〉 G(n1, n2, n3),
dn2
dt
+ 3Hn2 = −〈vσannih〉 (n22 − n2eq)− 〈vσsemi〉 G(n2, n3, n1), (5.3)
dn3
dt
+ 3Hn3 = −〈vσannih〉 (n23 − n2eq)− 〈vσsemi〉 G(n3, n1, n2),
where the function G is defined as:
G(ni, nj, nk) =
[
(ninj − nk
neq
n2eq) + (nink −
nj
neq
n2eq)− (njnk −
ni
neq
n2eq)
]
. (5.4)
Considering that the previous set of equations is symmetric under C1, C2, C3
permutations and the three DM candidates evolve from the same initial equilibrium
density neq, we can write n = n1 = n2 = n3. We are left with only one differential
equation:
dn
dt
+ 3Hn = −〈σannih v〉
(
n2 − n2eq
)
− 〈σsemi v〉n
(
n− neq
)
, (5.5)
5In a general case (5.2) should also include an extra term, which accounts for the decays.
6The equilibrium density for a non relativistic particle depends only on its mass and on the
temperature.
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Figure 5.1: Graphs contributing to the annihilation cross-section
Figure 5.2: Graphs contributing to the semiannihilation cross-section
where n does not denote the total DM density but the density of each of the C
species. The total density would be given by the sum of each of them:
ntot = n1 + n2 + n3 = 3n. (5.6)
Now we can proceed to obtain the freeze-out temperature and to solve the differ-
ential equation semi-analytically. It can easily be shown that the left hand part of
the equation (5.5) comes from 1
a3
d(na3)
dt
. We perform the following change of variables
to simplify (5.5):
Y =
n
s
; x =
T
mC
, s = KT 3, K =
2pi2g∗s(T )
45
, (5.7)
where mC indicates the DM candidate mass and s the entropy of the system. Using
the entropy conservation law, which can be written as7 d(aT )
t
= 0, we obtain that
dx
dt
= −xH. After the change of variable, the equation (5.5) can be written as
7This expression is only valid when g∗S(T ) stays approximately constant, otherwise we must
use the general definition of the entropy conservationd(a
3s)
t =
d(a3T 3K(T ))
t . Since g∗S(T ) changes
only when a specie decouples from the thermal bath, provided that our DM candidates are the
particles which decouple first, we can safely consider g∗S(T ) = constant for times near the DM
freeze-out.
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dY
dx
=
Km3x2
H
(
〈vσannih〉
(
Y 2 − Y 2eq
)
+ 〈vσsemi〉Y (Y − Yeq)
)
. (5.8)
From equation (5.8) we can see that at early times, when x & 1, the deviations
of Y from Yeq are corrected extremely fast, such that Y and
dY
dx
stay close to Yeq
and dYeq
dx
respectively. As the universe cools down, our DM candidate becomes non
relativistic8 x  1 and Y in (5.8) changes slowly. When the system approaches
the freeze-out temperature, Y varies so slowly that it can not stay close to Yeq any
longer and both values start to diverge from each other. We define the decoupling,
as the moment when the relative difference between Y and Yeq is of order δ:
Yf.o. − Yeq
Yeq
= δ;
dYf.o.
dx
= (1 + δ)
dYeq
dx
; δ ∼ O(1). (5.9)
The value of x at freeze out is obtained substituting (5.8) in (5.9). An approx-
imate solution can be obtained iteratively after performing the following change of
variables:
z =
1
x
=
mC
T
,
Yeq = yeqe
−z. (5.10)
Combining (5.9) and(5.10) we obtain the right hand side of (5.8),
dY
dx
|x=xf.o. =
[
− z2e−z
(
dyeq
dz
− yeq
)
(1 + δ)
]
z=zf.o.
, (5.11)
so our initial equation at freeze out is reduced to an expression which can be easily
solved iteratively
ez =
[
− z
−4Km3y2eq
H(dyeq
dz
− yeq)(1 + δ)
(
〈vσannih〉 δ(δ + 2) + 〈vσsemi〉 δ(δ + 1)
)]
x=xf.o.
.
(5.12)
8We expect the freeze-out to be in this region xf.o.  1, so the Maxwell-Boltzman distribution
holds.
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Figure 5.3: Dependence of the freeze-out temperature Tf.o. on mC .
All the parameters present in that expression are known, including Yeq, which in
Maxwell-Boltzman9 regime (M  T ) takes the value:
Yeq =
neq
s
=
45gnM
2TK2
(
M
T
)
4pi4g∗ST 3
. (5.13)
The approximate zf.o. solution is obtained applying recursively the following expres-
sion:
zf.o. = log
([
− z
−4Km3y2eq
H(dyeq
dz
− yeq)(δ + 1)
( 〈vσannih〉 δ(δ + 2) + 〈vσsemi〉 δ(δ + 1))]
x=xf.o.
)
.
(5.14)
Within several iterations we can obtain the solution of the equation with a relatively
low error. In the particular limit 〈vσannih〉  〈vσsemi〉 we are left with the familiar
Lee-Weinberg case [50].
zf.o. = log
([
− z
−4Km3y2eq
H(dyeq
dz
− yeq)(δ + 1)
〈vσannih〉 δ(δ + 2)
]
x=xf.o.
)
(5.15)
We obtain the approximate zf.o. solutions after applying iteratively ten times the
expression (5.14) and using as initial value zf.o. = 33.
9The Mallwell-Boltzman equilibrium distribution is given by neq =
m2T
2pi2 K2(
m
T ), where r is the
mass of the particle and K2(x) the modified Bessel function of second kind.
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In the figure 5.3 we can see the different freeze-out temperatures corresponding
to different sets of random parameters. The remarkable linear dependence of Tf.o.
on the DM candidate’s mass mC is not surprising; such dependence is expected from
dimensional analysis, Tfo ∼ mC . The mixing angle θ , which tells how much does
the physical Higgs h differ from the SM Higgs,is included through a color scale in
the plot. We see that the freeze-out temperature is systematically bigger for smaller
mixing angles. This follows from the fact that for lower θ angles the annihilation
cross section is weaker, therefore DM decouples earlier, when the universe is hotter.
5.2 Relic density
After calculating the freeze-out temperature, we are in disposition to obtain the
relic density. The goal in this section is to compare the amount of DM produced in
our theory with the experimental estimations[48, 49].
Since DM hasn’t been detected directly, we have only indirect means to esti-
mate it’s abundance. In this task, cosmological models give accurate results of the
baryonic energy density, since the Big Bang nucleosynthesis (BBN) is extremely
sensible10 to the amount of baryonic matter at early times [51]. From the angular
power peaks of the asymmetries in the CMB, provided the baryonic density, DM
abundance can be estimated. The latest data from Planck satellite predicts a DM
relic density ΩDMh
2 = 0.1193 [49]. This value is the fraction of the total energy of
the universe which is given by DM.
To calculate the DM density based on the observations is considerably more
complicated. Different research groups have estimated the local DM density based
on the galaxies which are in the part of the universe visible to us. These values
vary strongly from one galaxy to another, however from the combination of them,
the total DM density in the Universe can be estimated. This method predicts that
DM is around five times more abundant than SM matter, in good agreement with
Planck results.
Now we proceed to calculate the amount of DM generated in the theory. Con-
10The production of the right proportion of elements in the BBN requires really specific condi-
tions.
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sidering the times after the freeze-out, when Y  Yeq we can write (5.8) as:
dY
dx
=
Km3x2
H
(
(〈vσannih〉+ 〈vσsemi〉)Y 2 − 〈vσsemi〉YeqY
)
. (5.16)
The model, unlike the classical DM models, includes also semi-annihilation dia-
grams apart from annihilation ones [52]. As a consequence, in the expression (5.16)
there is a term proportional to Y Yeq, which is not present in the conventional Lee-
Weinberg equation [50]. This term has relevance only close to the decoupling, hence
we can drop it if 〈vσannih〉 & 〈vσsemi〉. This condition ensures that Y evolves as
dY
dx
' Km3x2
H
〈vσann〉Y 2 at early times after the freeze-out, minimizing the effect
of the Y Yeq term. Once we have removed it, we are left with the conventional
Lee-Weinberg equation:
dY
dx
=
Km3x2
H
〈vσ〉Y 2, 〈vσ〉 = 〈vσannih〉+ 〈vσsemi〉 , (5.17)
which can be easily solved semi-analytically.
In figure 5.4 is shown the evolution of Y , obtained using numerical methods. In
the graph we can see that this approximation agrees extremely well with the full
numerical solution. Considering that in our simulations we use large number of
points, to calculate Y0 we will use the semi-analytical approach for saving resources.
We can obtain the value of Y0 nowadays integrating the expression (5.16):
Y0 '
[( 〈vannihσ〉+ 〈vsemiσ〉 )Km3x2
H
]−1
f
, (5.18)
where we have approximated that at late times after the freeze-out
x2
H
and 〈vσ〉 are
approximately constant11, x0 ' 0 and Y0  Yeq.
We can obtain the energy density of the DM candidate in the following way:
ρ0 = m n0 = m
s0
sf
Hf( 〈vσannih〉f + 〈vσsemi〉f )
=
g∗s(T0)
g∗s(Tf)
mT 3γ,0
MplTf
( 〈vσannih〉f + 〈vσsemi〉f )
√
4pi3g∗(Tf )
45
. (5.19)
11We expect the freeze-out happen in the radiation dominated era, where H ∝ √ρ ∝ x2. The
most important part of the evolution of Y will be in that era, so we the error associated with the
approximation H ∝ x2 also in the matter dominated era will be small.
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Figure 5.4: Numerical calculation of Y for both cases, doing the approximation
Y Yeq ' 0(equivalent to Lee-Weinberq eq. YLW ) and without doing it (Y ). In the
calculation we used mC = 323.3, mr = 2918, 1 and α = −0.169.
In the calculation we have used the definitions:
s =
2pi2
45
g∗S(T )T 3, (5.20)
ρ =
pi2
30
g∗T 4, (5.21)
3H2 +3
K
a2
= 8piGNρ, (5.22)
(5.23)
and we considered the universe to be flat (K = 0). The degrees of freedom g∗(T )
are defined in the Appendix A.4.
Eventually, we obtain eventually the relic density of every DM species as
Ωih
2 =
ρ0i
ρc
=
ρ0i
ργ
Ωγh
2
= 8.6 · 10−11 1√
g∗(Tf )
(
m
Tf
)
1( 〈vσannih〉f + 〈vσsemi〉f )(Gev)−2, (5.24)
where we have used the photon relic abundance Ωγ
12 and its energy density ργ,
which are standard quantities in cosmology13. Since we have three symmetric DM
species, the total relic density is given by the sum of all the densities:
Ωh2 = 3Ωih
2. (5.25)
12The relic abundance is defined as Ωi =
ρi
ρc
13This cosmological are listed in the appendix A.4.
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Figure 5.5: Relic density obtained in our model, compared to the expected amount
ΩPlanckh
2 = 0.12. The yellow line indicates Ωmodel
ΩPlanck
= 0.1, when the model produces
a 10% of the amount of DM measured by the Planck satellite.
In the figure 5.5 we can see the relic density values that the model yields. The
points used in the graph were generated randomly in the manner described in the
previous section. The range of the DM relic density in our model is satisfactory,
since there is no need to fine tune any parameter for obtaining densities of the
desired order. We are interested in the points which generate between the 10% and
100% of the DM density measured by the Planck satellite, therefore Log10
(
Ωmodel
Planck
)
must give values between 0 and -1. Heavy DM candidates (mC > 200 GeV) produce
relic densities in the desired interval when the mixing angle is small. On the other
hand, for light DM candidates (mC < mh) we have the opposite trend, the model
generates the right DM abundances at considerably big mixing angles. In the mass
range 200 GeV > mC > mh, the model can not produce the desired DM relic
density, therefore, DM candidates with masses in that interval are discarded by this
constraint.
Chapter 6
Direct detection
For decades, the scientific community has searched for DM. Despite the fact that
there are solid cosmological and astrophysical proofs of its existence, the weak in-
teraction between DM and normal matter has made its detection impossible up
to the date. The experiments set upper limits for the DM-nucleon cross section;
constraints with which any DM model must be compatible with.
The discovery of the Higgs, and the fairly good agreement of the LHC experi-
mental data with the SM predictions set tight constraints on new DM models, since
the SM sector in those models must yield approximately the same results as the
SM. In this section we apply those constraints to our model so it is in agreement
with the experimental observations. These bounds will limit our parameter space,
ruling out those areas which yield values in discordance with the experiments.
6.1 Higgs invisible decay
As a direct consequence of the scalar portal, in our theory the physical Higgs can
couple to the dark sector particles. This interactions open new decay channels,
which have as final states DM. Since up to the date it is technically impossible to
detect DM, there is no way of measuring directly in the LHC decays into dark sector
particles if they were allowed by nature. Despite this fact, we can infer the upper
bounds for the invisible decay rate Γinv based on the signal strength of the SM
channels. In the SM framework, according to [35], the upper limit for the invisible
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branching is Binv ≤ 0.19. In the model, for small mixing angles θs, couplings in the
SM sector are close to the ones in the Standard Model, therefore we expect also Γinv
to have a similar upper bound in both models.
From the vertices of our theory1 we can clearly see which are the main decay
channels for the Higgs boson h. The mixing between the Higgs h and the scalar r
allows for new channels which were not available in the SM. These decays have as
final particles Ci or r, see fig.6.1. The decay rate for each channel can be obtained
from the following expression:
dΓ(p) =
(2pi)4
2E
δ4
(
p−
∑
i
ki
)
|M|2Πi d
3ki
(2pi)32Ei
(6.1)
For this calculation we use only the tree level first order in perturbation theory
Feynman diagrams, shown in fig.6.1. We compute all the decays in the centre of
mass (C.O.M). frame, where the physical Higgs boson is at rest.
The amplitudes used in the calculation are angle independent, and the final
number of particles in all the decay channels is always two. Integrating2 expression
6.1, we obtain:
Γh→ab =
N
16pimh
|M|2 (m
4
h +m
4
a +m
4
b − 2m2am2b − 2m2am2h − 2m2bm2h)
1
2
m2h
, (6.2)
where N is a factor which takes the value 1 if the final particles are different and 1
2
if they are the same. When both final particles have identical mass m = ma = mb,
we can write instead the previous expression as:
Γh→ab =
N
16pimh
|M|2
(
1− 4m
2
m2h
) 1
2
. (6.3)
The new decays of the model, have as final states particles of the dark sector:
C1, C2, C3, and r. These decay modes are allowed only if they are energetically
favourable, such that the energy of the final states is lower than the one of the
initial Higgs.
When we calculated the mass matrix eigenvalues (4.7), if we set the Higgs h to
be the lightest scalar and r the heaviest, we can clearly see that the h decay into
1All the vertices are listed in the appendix A.1
2For the integration we use the property of the delta function δ (f(x)) = δ(x−x0)f(x0) .
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Figure 6.1: New available decays for the Higgs boson in our model.
two r scalars is kinematically disfavoured. This channel will be highly suppressed,
and its contribution can be ignored. If instead we set h to be the heaviest scalar,
the decay channel h→ rr will be available meanwhile mr ≤ mh2 . Its decay rate will
be given by:
Γh→rr =
1
512pimh
1
62
(
1− 4m
2
C
m2h
) 1
2
(
− 3νdξ cos θ sin2 θ
−3ξ cos2 θ sin θνh − 6 sin3 θνhλh − 6νd cos3 θλd
)2
. (6.4)
The remaining decays into C boson particles, are in principle allowed, since
there are no constraints on the DM candidate’s mass. In case the mass is bigger
than mh
2
, the decay will not be possible in the C.O.M. frame as in the previous
case. Only when it is smaller, these decay channels will be available, contributing
to the invisible decay rate Γinv. All the channels h→ Ci, i = 1, 2, 3, have the same
amplitude Mh→CC , their decay rate can be obtained easily from the expression
(6.3),
Γh→CC =
1
128pimh
m4C
(
3 +
m2h(m
2
h − 4m2C)
4m4C
)(
vd sin θg
2
d
)2(
1− 4m
2
C
m2h
) 1
2
. (6.5)
We can see the values of Γinv that the model yields and its dependence on θ
in fig. 6.2. In the graph we have plotted the invisible decay rate for different sets
of random parameters, and we compare their value to ΓSMMAX inv (blue line), which
represents the maximum limit in the SM framework, derived in [35]. The Higgs
invisible decay in fig.6.2 is represented in a logarithmic scale, therefore in the graph
we can only see the points which yield a non zero invisible branching. As expected,
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Figure 6.2: Dependence of the Higgs invisible decay on mC and θ. The blue area
represents the Γinv values over the SM upper limit Γ
SM
MAX inv =
BinvΓSMtot
1−Binv , where Binv =
0.19 and ΓSMtot = 4.07× 10−3GeV [53].
for DM candidates lower than mh
2
the invisible decay rate is non zero, since the
Higgs boson is allowed to decay into mC particles. For heavier C gauge bosons,
most of the sets of parameters give zero invisible decay, only when the dark scalars
are light (mr <
mh
2
), the Higgs invisible decay is non zero. In fig.6.2 we see that
the model yields invisible decay rates several orders of magnitude bigger than the
upper limit ΓSMMAX inv in the SM. Therefore, dark sector particles Ci and r lighter
than mh
2
are strongly disfavoured in the model. We will reach the same conclusion
in the next section, where we fit the model to the data of Atlas, CMS and Tevatron
experiments.
6.2 Higgs decay to SM particles
Since the Higgs boson discovery, its decay channels have been studied in the LHC,
obtaining accurate measurements of their signal strength. These experiments give
information about the Higgs SM matter coupling, imposing strong restrictions on the
parameter space of the model. The good agreement between the SM predictions and
the Atlas, CMS and Tevatron data [29–32, 54], ensures that the model is compatible
with the experimental results at least at small mixing angle θ.
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Figure 6.3: Principle diagrams involved in h production.
Figure 6.4: Subdominant h production diagrams.
In this section we analyse the dependence of the signal strength µ on the mixing
angle θ and compare it to the experimental results from Atlas, CMS and Tevatron,
similar to [35, 36]. The signal strength is defined as:
µi =
σtotBri
σSMtot Br
SM
i
=
σtot
σSMtot
Gi
Gtot
, (6.6)
where σtot denotes the total h production cross section, Brj =
ΓSMj
ΓSMtot
the branching
ratio and G is defined as:
Gj =
Γj
ΓSMj
, Gtot =
∑
GiBri +
Γinv
ΓSMtot
. (6.7)
The Higgs bosons in the LHC experiments are produced from proton collisions.
The diagrams contributing to h production at first loop approximation are listed
in fig.6.3 and fig.6.4. The two first graphs of fig.6.4 are the only diagrams which
are not present in the SM; both diagrams are proportional to the Yukawa coupling
Yq =
mqgh
vd
. These couplings are small for up and down quarks, therefore, all the
graphs from fig.6.4 can be neglected.
We are left only with the diagrams fig.6.3, as in the SM case. Due to the scalar
mixing φ = cos θh+sin θm, in the model, the h vertices3 from the previous diagrams
differ from the SM vertices by a multiplicative factor of cos θ. After discarding the
3All the vertices of our model are listed in the appendix A.1. The SM vertices can be checked
at [55]
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Figure 6.5: Higgs decays into SM particles at tree level.
Figure 6.6: Dominant graphs for the decay channel h→ γγ.
diagrams of fig.6.4, the cross section responsible of the Higgs creation in our model
is proportional to the SM cross section
σtot = cos
2 θσSMtot . (6.8)
Now we proceed to calculate the Higgs decay rate for each of its channels. At
first order approximation in perturbation theory, the decay into SM particles is
given by the diagrams in fig6.5. Since the photon does not couple directly to the
Higgs, for the h → γγ and h → γZ channels we consider also one loop diagrams,
see fig.6.6. All these channels are given by the same diagrams both in our model
and in the SM. As in the previous case, due to the scalar mixing, the amplitude of
each diagram will differ from the SM amplitude by a multiplicative factor of cos θ.
We can write for those channels which have SM particles as final states:
Γi = cos
2 θ ΓSMi , (6.9)
Gi = cos
2 θ. (6.10)
In addition, as we have seen in section 6.1, new decay channels h → CiCj are
allowed in the model. Since the final states are DM candidates, these decays are
invisible in the experiments. These channels are included in the invisible decay rate
Γinv, obtained in the previous section. These decay channels are only available for
DM particles lighter than half the Higgs mass mC ≤ mh2 or mr ≤ mh2 . For heavier
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Channel Atlas CMS Tevatron
γγ 1.65± 0.32 1.11± 0.31 6.20± 3.30
ZZ 1.50± 0.40 0.91± 0.27 -
WW 1.01± 0.31 0.76± 0.21 0.89± 0.89
ττ 0.70± 0.70 1.10± 0.40 -
bb −0.40± 1.10 1.30± 0.70 1.54± 0.77
Table 6.1: Signal strength from Atlas, CMS and Tevatron.
particles Ci and mr, the decay is kinematically suppressed and the invisible decay
rate is negligible Γinv ' 0.
Finally, the signal strength given by the model is:
µi =
cos4 θ
cos2 θ
∑
j Brj +
Γinv
ΓSMtot
, (6.11)
where ΓSMtot = 4.07 · 10−3GeV [53]. The only free parameters in the expression are θ
and Γinv. The branching functions Brj [56] in the SM, take the values:
BrSMbb = 0.578, Br
SM
τ τ¯ = 0.0637, Br
SM
WW = 0.216,
BrSMZZ = 0.0267, Br
SM
γγ = 0.00228, Br
SM
cc¯ = 0.0268, (6.12)
BrSMµµ = 2.2× 10−4, BrSMgg = 0.0856, BrSMZγ = 0.00155.
Once we have obtained the signal strength, we compare it with the results from
Atlas, CMS and Tevatron [29–32, 54]. We calculate the χ2 and study the goodness-
of-fit [47], considering that we have two free parameters θ and Γinv. Assuming
the model is correct, we discard the set of parameters which are outside the 95%
confidence interval.
We can write for each experimental data set the χ2 as:
χ2exp =
∑
j
(µi − µexpi )2
δµexpi
, (6.13)
where µexpi and δµ
exp
i for Atlas, CMS and Tevatron can be found in Table 6.1. We
define the combined χ2 by summing the values obtained for each of the experiments
χ2 = χ2Atl + χ
2
CMS + χ
2
Tev. We can see in fig. 6.7 the dependence of χ
2 on mC ,
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mr and the mixing angle θ. As in the previous section, we see that for light dark
sector particles (mC ,mr <
mh
2
) the Higgs boson decays into DM and r particles,
yielding χ2 values far over the confidence intervals. The model gives a much better
agreement with the experiments for heavier Ci and r particles. As expected, the
agreement with the experiments is optimal at small mixing angles θ, in this region
most of the points are inside the 95% confidence interval.
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Figure 6.7: χ2 values of the experimental signal strength respect to the model
prediction. The horizontal lines represent respectively the 68% (blue), 90% (yellow)
and 95% (green) confidence limits.
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6.3 Direct search constraints
During the last decades DM has been searched for extensively via its interaction
with normal matter. Up to the date no experiment has found evidences of the
interaction between DM and SM matter. These experiments can only set upper
limits to the cross-section of this interaction. For the model to be valid, the cross
section must be smaller than the upper limits set by the direct search experiments.
Therefore, we will exclude from the initial sets of random parameters those which
give a cross section bigger than the previously mentioned upper limit.
The model treated in this thesis does not include explicit interaction terms be-
tween quarks and DM. Despite this fact, an effective interaction is possible due to
the mediation of the scalar bosons h and r. In the SM the Higgs-nucleon effec-
tive interaction is given by fN mN
νh
. In the model, due to the scalar mixing (4.8),
both scalars r and h couple to the nucleon, allowing the DM-nucleon interactions
of fig.6.8. The coupling fN is given by
fN ≡ 1
mN
∑
q
〈N |mqq¯q|N〉 (6.14)
and corresponds to the total quark scalar current inside the nucleon. During the
last years, extensive lattice research on this currents, combined also with chiral per-
turbation theory have allowed to determine the value of fN with relatively good
accuracy. In the calculations we use fN = 0.345 ± 0.016, from [6] and the nu-
cleon mass mN = 0.946GeV without making any distinction between protons and
neutrons4.
Since the process is mediated by scalars, the interaction between the DM can-
didate and the nucleon will be spin independent. This interaction is a t channel
exchange in which the scalar r or h couples to the nucleon and to the DM particles,
as shown in the figure 6.8. The DM-nucleon effective interaction will be given by
the following expression: (
g¯h cos(θ)
m2h
+
g¯r sin(θ)
m2r
)
fN
mN
ν
, (6.15)
where g¯h and g¯r denote the coupling between our DM candidates and the scalars h
and r respectively. Substituting the vertices, we obtain the final effective interaction
4the error associated to this approximation is much lower than the intrinsic error of fN .
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Figure 6.8: DM-nucleon effective interaction, having h or r as intermediate states.
amplitude:
MCiCiN = ηµρ
(
1
m2r
− 1
m2h
)
νdg
2
d cos(θ) sin(θ)
2
fN
mN
ν
, i = 1, 2, 3. (6.16)
Once we have the effective amplitudes, we can obtain the cross-section of this
interactions, which are the measurable data from the experiments. The total spin
independent DM-nucleon cross-section can be written as:
σSI = 3
µ2m2N
4pim2C
|MCCN µν |2, (6.17)
where the three factor comes from summing up the contribution of the three DM
candidates.
All the DM direct detection experiments carried out up to the date have failed
in proving DM existence, however, they have set upper limits for the DM-nucleon
interaction cross-section. We use the data from the latest experiments LUX and
XENON100 [45, 46] as upper bounds for the spin independent cross-section. In
fig.6.9 we can see the dependence of the DM-nucleon cross section on the DM can-
didate’s mass and the mixing angle θ, as well as the regions excluded by the experi-
ments. Light Ci particles (Ci <
mh
2
) yield cross sections bigger than the upper limits
set by LUX and XENON100, discarding this region of the parameter space of the
model. For heavier mCs, most of the sets of parameters yield cross sections under
the experimental upper limits, however, dark scalars lighter than the Higgs (yellow
points in fig.6.9) are in friction with the experimental constraints. Both invisible
decay and direct detection tests yield poor results for light dark scalars and DM
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Figure 6.9: Values of the DM-nucleon cross section in the model, the blue regions
are the parts of the parameter space ruled out by the data of LUX and XENON
experiments. The points in yellow are those parameters for which the Higgs is the
heaviest scalar (mh > mr).
candidates, therefore, this region of the parameter space is strongly disfavoured.
The rest of the parameter space yield results in perfect agreement with the direct
detection experiments.
Researchers are planning new experiments with higher resolution, and they could
be operative in the near future. Such experiments, would push the upper limit of
DM-nucleon cross section several orders of magnitude lower if DM was not detected.
In that scenario, the experimental data would set extremely tight constraints on the
model, ruling out most of the regions of the parameter space.
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Chapter 7
Analysis
In this section we analyse the parameter space of the model after applying the
experimental constraints discussed in chapter 5 and 6. The experiments impose
restrictions on the cross section and the decay rates, which have intricate depen-
dences on the different parameters of the model. For studying the regions of the
parameter space which are in agreement with the experiments, we generate 3518
sets of parameters, using the method described in 4.3. We select the valid points of
the parameter space according to the following criteria:
• Relic density: we require the model to produce between the 10% and 100%
of the DM observed by the Planck satellite. Since the MACHOs do also
contribute to the DM abundance measured by Planck, the model does not
have to produce the whole DM density which is observed. This constraint
rules out 2940 points, see fig.5.5.
• Higgs Decay rates: discard all the points which are out of the 95% CI in the
χ2 test of section 6.2, see fig.6.7. This constraint rules out 1361 points from
the initial set of parameters.
• Direct detection experiments: we require the cross sections of the DM-nucleon
interaction to be smaller than the upper limits set by LUX and Xenon100
experiments. This condition discards 446 sets of parameters from the initial
set.
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Figure 7.1: Probability histograms of mr and mC , for the initial sets of parameters
generated in section 4.3 (blue) and the sets left after applying the experimental
constraints (yellow).
The three constraints, combined, discards 3044 out of the 3518 initial sets of
parameters, leaving 446 valid points. Therefore, a 13% of the parameter space is
in good agreement with the experiments. The DM abundance, measured by the
Planck satellite, imposes the tightest constraint on the model and restricts heavily
the DM annihilation cross section.
In fig. 7.2 we can see a comparison of the parameter space before and after the
application of the experimental constraints. The graphs show a clear correlation
between mC and mr, such that for small mC also mr takes small values. In the
special case of DM candidates lighter than mh
2
, the annihilation via the Higgs is
highly suppressed. This forces the dark scalar to be lighter than mh, such that
C particles can annihilate via the r scalar into SM particles and dark scalars. In
this regime, to obtain annihilation cross sections big enough to produce the DM
abundance observed by the Planck satellite, the mixing angle takes bigger values,
as we can see in fig. 7.2.
For heavier DM candidates, mr takes values in the TeV scale an the mixing
angle stays small. In addition, as we saw in fig. 5.5, C particles with mass in the
interval 100− 200GeV do not yield the right DM abundance, hence, that region of
the parameter space is ruled out. The effect of the constraints on mC and mr is
clear in fig. 7.1, where the mass distribution before and after the application of the
constraints are compared.
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Figure 7.2: Analysis of the parameter space. The light green points denote the sets
of parameters that are ruled out by the experimental constraints, the dark green
points denote the points that are in agreement with the experiments.
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Chapter 8
Conclusions and future work
8.1 Conclusions
In section 7 we saw that a 13% of the parameter space yields results that are
compatible with the experimental constraints. Furthermore, there are two regions
of the parameter space which give an optimal agreement with the experiments:
• DM candidate heavier than 200GeV, massive dark scalar mr ∼ TeV and small
mixing angle θ.
• Light DM candidate mh ≥ mC ≥ mh2 , light dark scalar mr < mh and big
mixing angle θ.
In the future, direct detection experiments with higher resolution might set upper
bounds for the DM-nucleon interactions, which are several orders of magnitude lower
than the ones of LUX and XENON experiments. Such experiments would impose
much tighter restrictions on the parameter space. We could always avoid these
experimental constraints by lowering the mixing angle θ, since the DM-nucleon cross
section is proportional to sin2(2θ). However, in the parameter space region of light
mC particles the mixing angle must be big, therefore, this part of the parameter
space might be ruled out if future direct search experiments do not detect DM. In
addition, the fact that no other boson scalar apart from the Higgs has been detected
in the LHC, sets also strict constraints on this region of the parameter space. In
the coming decades, the dark scalar of the model r will become detectable due to
the precision improvement of the Higgs decay rates. Therefore, if researchers do
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not find a new dark scalar, the experiments will rule out this part of the parameter
space.
The electroweak phase transition in this model has been studied recently by
Hambye and Strumia [9]. The addition of the dark scalar field r is enough to
make the scalar potential stable up to Planck scale, unlike in the SM. According
to cosmology, the phase transition in the model would create gravitational waves,
which could be measured in the coming decades.
Further measurements of the Higgs self interaction [57, 58] in the LHC would
set new constraints on the parameters of the model. Unlike in the SM, in the model
the Higgs self-interaction is not fixed, but is a function of dark sector parameters.
This feature gives the model extra freedom to fit the experimental self coupling if
the measured value is not in perfect agreement with the SM prediction.
8.2 Future work
A more detailed study of the DM self interaction would be of great interest, since it
would allow to compare the predictions of the model with the experimental estima-
tions. From the observations in the Bullet Cluster and the simulations of structure
formation, an upper limit for the cross section of the DM self interaction can be
obtained [15, 16]. These upper bounds will restrict the maximum values the dark
sector couplings gd and νd can take.
It would also be worth studying if the model produces signals which could be
measured. An interesting case would be the emission of positrons, since in the
PAMELA experiment [59] was observed a peak in positron abundance for energies
in the range 10 − 100GeV. Such signals could be explained by the annihilation of
the DM candidates mC into dark scalars r, which decay into the leptons of lowest
mass e− and e+. The observations require cross sections several orders of magnitude
bigger than the typical cross sections of DM interactions. The Sommerfield effect
could be responsible of this enhancement of the annihilation cross section [60] at
low velocities1. In addition, to account for the positron excess, a light force carrier
1The annihilation cross section at early times, is not affected by the Sommerfield enhancement,
since the velocities of the DM candidates are much higher. This assures that the cross section
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is required in the dark sector. In such scenario, decay into hadrons would be highly
suppressed, leading to significant leptonic emissions. This condition would forces
the dark scalars r in the model to be very light.
A logical continuation of this work, would be the addition of fermionic fields to
the dark sector. The new interactions would allow the mC particles to decay into
fermions, breaking the custodial symmetry present in the model. In this scenario,
the new DM candidates are the lightest fermions in the model.
stays small before decoupling, giving the right DM abundance.
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Appendix A
Appendices
A.1 Vertices of the theory
The mixing angle θ is defined as:
cos θ =
(
1 +
(m2h − 2ν2hλh)
(m2h − 2ν2dλd)
)−1
2
, sin θ = −
(
1 +
(m2h − 2ν2dλd)
(m2h − 2ν2hλh)
)−1
2
.
The vertices can be written as:
=
iηµν
8
sin2 θg2d; =
iηµν
8
cos2 θg2d;
=
−iηµν
4
vd sin θg
2
d; =
iηµν
4
vd cos θg
2
d;
= i
cos θYf
2
√
2
; = i
sin θYf
2
√
2
;
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=
i
2
g2 cos θvh; = i
1
4
vh cos θ(g cos θW+g
′
sin θW )
2;
=
i
2
g2 sin θvh; = i
1
4
vh sin θ(g cos θW+g
′
sin θW )
2;
= igdijk [ηµν(ki − kj)ρ + ηνρ(kj − kk)µ + ηρµ(kk − ki)ν ] ;
= i
1
2
[−2vdξ cos2 θ sin θ + vdξ sin3 θ − ξ cos3 θvh + 2ξ cos θ sin2 θvh
−6 cos θ sin2 θvhλh + 6vd cos2 θ sin θλd];
= i
1
6
(−3vdξ cos θ sin2 θ − 3ξ cos2θ sin θvh
− 6 sin3 θvhλh − 6vd cos3 θλd);
= i
1
6
(3vdξ cos
2 θ sin θ − 3ξ cos θ sin2θvh
− 6 cos3 θvhλh + 6vd sin3 θλd);
= i
1
2
(−vdξ cos3θ + 2vdξ cos θ sin2 θ + 2ξ cos2 θ sin θvh
− ξ sin3 θvh − 6 cos2 θ sin θvhλh − 6vd cos θ sin2 θλh);
=
iηµν
4
sin θ cos θg2d;
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A.2 Diagram amplitudes
Here are all the amplitude of the diagrams used for the computation of the dif-
ferent cross-sections. Due to the symmetry present in the C1, C2, C3 bosons, the
annihilation diagram amplitudes will be identical for all the Cj particles. For the
calculations we have considered the Higgs boson finite width Γh = Γh(mh), which
was obtained from [53]. In the calculations we use the Mandelstam variables s, t, u,
and denote ki as the momentum 4-vector of the particle Ci.
MCjCj→W+W− = 2ηµν
i
4
vd cos θg
2
d
i
s−m2r
ηρσ
i
2
g2 sin θvh
+ 2ηµν
i
4
vd sin θg
2
d
i
s−m2h + imhΓh
ηρσ
i
2
g2 cos θvh;
MCjCj→ZZ = 4(ηµν
i
4
vdcosθg
2
d
i
s−m2r
ηρσ
i
4
vh cos θ(g cos θW + g
′
sin θW )
2
+ 4ηµν
i
4
vdsinθg
2
d
i
s−m2h + imhΓh
ηρσ
i
4
vh cos θ(g cos θW + g
′
sin θW )
2;
MCjCj→f f¯ = 2ηµν
i
4
vdcosθg
2
d
i
s−m2r
ηρσ
iYfsin(θ)
2
√
2
+2ηµν
i
4
vd sin θg
2
d
i
s−m2h + imhΓh
ηρσ
iYf cos θ
2
√
2
;
MCjCj→rr = 12ηµν
i
4
vd cos θg
2
d
i
s−m2r
−i
6
[
3vdξ cos θ sin
2 θ + 3ξ cos2 θ sin θvh + 6 sin
3 θvhλh
+6vd cos
3 θλd
]
− 4ηµν i
4
vd sin θg
2
d
i
s−m2h + imhΓh
i
2
[
− 2vdξ cos2 θ sin θ + vdξ sin3 θ
−ξ cos3 θvh + 2ξ cos θ sin2 θvh − 6 cos θ sin2 θvhλh + 6vd cos2 θ sin θλd
]
+4ηµν
i
8
cos2 θg2d + 4ηµρηνσ
(
i
4
vd cos θg
2
d
)2
i
t−m2C
(
− ηρσ + k
ρkσ
m2C
)
+4ηµρηνσ
(
i
4
vd cos θg
2
d
)2
i
u−m2C
(
− ηρσ + p
ρpσ
m2C
)
;
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MCjCj→hh = −12ηµν
i
4
vd sin θg
2
d
i
s−m2h + imhΓh
i
6
[
3vdξ cos
2 θ sin θ − 3ξ cos θ sin2 θvh − 6 cos θ3vhλh
+6vd sin
3 θλd
]
+ 4ηµν
i
4
vd cos θg
2
d
i
s−m2r
i
2
[
− vdξ cos3 θ + 2vdξ cos θ sin2 θ
+2ξ cos2 θ sin θvh − ξ sin3 θvh − 6 cos2 θ sin θvhλh − 6vd cos θ sin2 θλh
]
+4ηµν
i
8
sin2 θg2d + 4ηµρηνσ
(−i
4
vd sin θg
2
d
)2
i
t−m2C
(
− ηρσ + k
ρkσ
m2C
)
+4ηµρηνσ
(−i
4
vd sin θg
2
d
)2
i
u−m2C
(
− ηρσ + p
ρpσ
m2C
)
;
MCiCj→Ckh = 2igdijl [ηµν(ki − kj)γ + ηνγ(2kj + ki)µ + ηγµ(−kj − 2ki)ν ]×
i
(ki + kj)2 −m2C
(
−ηγβ + (ki + kj)
γ(ki + kj)
β
m2C
) −iηβρ
4
vd sin θg
2
d
+2igdilk [ηµγ(2ki − kk)ρ + ηγρ(2kk − ki)µ + ηρµ(−kk − ki)γ]×
i
(ki − kk)2 −m2C
(
−ηγβ + (ki − kk)
γ(ki − kk)β
m2C
) −iηβν
4
vd sin θg
2
d;
MCiCj→Ckr = 2igdijl [ηµν(ki − kj)γ + ηνγ(2kj + ki)µ + ηγµ(−kj − 2ki)ν ]×
i
(ki + kj)2 −m2C
(
−ηγβ + (ki + kj)
γ(ki + kj)
β
m2C
) −iηβρ
4
vd sin θg
2
d
+2igdilk [ηµγ(2ki − kk)ρ + ηγρ(2kk − ki)µ + ηρµ(−kk − ki)γ]×
i
(ki − kk)2 −m2C
(
−ηγβ + (ki − kk)
γ(ki − kk)β
m2C
)
iηβν
4
vd cos θg
2
d;
A.3 Cross section
The cross section calculation is carried in the centre of mass frame (C.O.M.), where
the total momentum is zero. The differential cross section in this frame is given by(
dσ
dΩ
)
COM
= δ4(p1 + p2 − k1 − k2) 1
64pi2(E1 + E2)2
k1
p1
M2,
where k1, k2 denote the final states and p1, p2 the initial ones. The total cross
section is written as:
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σCOMtotal =
∫ 2pi
0
dφ
∫ pi
0
dω sinω
(
dσ
dΩ
)
COM
,
where φ and ω denote the polar and azimuthal angle respectively.
The thermal averaged cross section is obtained using the following expression:
〈σv〉 =
∫ ∞
4mC
s
√
s− 4m2CK1(
√
s
T
)σv
16Tm4CK
2
2(
mC
T
)
ds,
where K1 and K2 are the modified Bessel functions of first and second kind
respectively.
In the mass range mh
2
< mC < mh we obtain the annihilation cross section into
SM particles by using the Higgs boson full width Γh(s) [53]:
σv =
2√
s
(
νdg
2
d sin θ
4
)2
Γh(
√
s) ηµρηνσ
(s−m2h)2 + Γh(mh)
(
−ηµν + k
µ
1k
ν
1
m2C
)(
−ηρσ + k
ρ
2k
σ
2
m2C
)
,
where k1 and k2 are the moment 4-vectors of the incoming C particles in the
C.O.M. frame.
A.4 Standard expressions in Cosmology
For an isotropic and homogeneous expanding universe we use the Robertson-Walker
metric
ds2 = −dt2 + a2(t)
(
dr2
1−Kr2 + r
2dθ2 + r2 sin2 θdφ2
)
,
where K is the space curvature. In the calculations we have considered flat space
(K = 0).
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First Friedmann equation: 3H2 + 3
K
a2
= 8piGNρ; H =
a˙(t)
a(t)
.
Energy density: ρ =
pi2
30
g∗T 4.
Entropy: s =
2pi2
45
g∗S(T )T 3.
Planck Mass: MPl = (8piGN)
− 1
2 = 2.436× 1018GeV.
Hubble constant: H0 = 67.80 km s
−1Mpc−1,
h = H0/(100km/s/Mpc).
Photon energy ργ0 = 4.641× 10−31kg/m3.
density nowadays:
Photon relic Ωγ =
ργ
ρc
= 2.47× 10−5h−2.
density nowadays:
We use the following definition for the relativistic degrees of freedom at early
times in the universe,
g∗(T ) ' g∗S(T ) = Θ(T − TQCD)
(
8 · 2 + 21
2
(
Θ(T −mu) + Θ(T −md) + Θ(T −mc)
+ Θ(T −mst) + Θ(T −mt) + Θ(T −mb)
))
+ 3 · 7
4
+ 2
+
7
2
(
Θ(T −me) + Θ(T −mµ) + Θ(T −mτ )
)
+ 2 · 3Θ(T −mW )
+ 3Θ(T −mZ) + Θ(T −mh) + 3 · 3Θ(T −mC) + Θ(T −mr)
where TCQD ' 0.25.
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A.5 Collision integral
The collision integral was obtained from [52], it can be wrtten as:
Cab→cd = −
∫
(2pi)4δ4(pa + pb − pc − pd)dΠadΠbdΠcdΠd
[
|Mab→cd|2fafb − |Mcd→ab|2fcfd
]
= 〈vσ〉ab→cd
[
nanb − ncnd
neqc n
eq
d
neqa n
eq
b
]
,
where fi is the probability distribution of the particle i.
Assuming kinetic equilibrium fi(E, t) =
ni(t)
neqi (t)
f eqi (E, t), CP symmetryMcd→ab =
Mab→cd and using the following identity f eqa f eqb = f eqc f eqd for thermal equilibrium
particles, we obtain:
Cab→cd = 〈vσ〉ab→cd
[
nanb − ncnd
neqc n
eq
d
neqa n
eq
b
]
. (A.1)
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